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The role of magnetic fields in the dynamical evolution of galaxies and of the interstellar medium (ISM) is 
not well understood, mainly because such fields are difficult to directly observe. Radio astronomy provides the 
best tools to measure magnetic fields: synchrotron radiation traces fields illuminated by cosmic-ray electrons, 
while Faraday rotation and Zeeman splitting allow us to detect fields in all kinds of astronomical plasmas, from 
lowest to highest densities. Here we describe how fundamental new advances in studying magnetic fields, both in 
our own Milky Way and in other nearby galaxies, can be made through observations with the proposed Square 
Kilometre Array. Underpinning much of what we propose is an all-sky survey of Faraday rotation, in which 
we will accumulate tens of millions of rotation measure measurements toward background radio sources. This 
will provide a unique database for studying magnetic fields in individual Galactic supernova remnants and Hll 
regions, for characterizing the overall magnetic geometry of our Galaxy's disk and halo, and for understanding the 
structure and evolution of magnetic fields in galaxies. Also of considerable interest will be the mapping of diffuse 
polarized emission from the Milky Way in many narrow bands over a wide frequency range. This will allow us to 
carry out Faraday tomography of the Galaxy, yielding a high-resolution three-dimensional picture of the magnetic 
field within a few kpc of the Sun, and allowing us to understand its coupling to the other components of the 
ISM. Finally, direct synchrotron imaging of a large number of nearby galaxies, combined with Faraday rotation 
data, will allow us to determine the magnetic field structure in these sources, and to test both the dynamo and 
primordial field theories for field origin and amplification. 



1. Introduction 

A full understanding of galactic structure and 
evolution is impossible without understanding 
magnetic fields. Magnetic fields fill interstellar 
space, contribute significantly to the total pres- 
sure of interstellar gas, are essential for the on- 
set of star formation, and control the density 
and distribution of cosmic rays in the interstellar 
medium (ISM). However, because magnetic fields 
cannot be directly observed, our understanding 
of their structure and origin lags significantly be- 
hind that of the other components of the ISM. 

Radio astronomy has long led the way in study- 
ing astrophysical magnetic fields. Synchrotron 
emission measures the total field strength; its po- 
larization yields the regular field's orientation in 
the sky plane and also gives the field's degree of 
ordering; Faraday rotation provides a measure- 
ment of the mean direction and strength of the 



field along the line of sight; the Zeeman effect pro- 
vides an independent measure of field strength in 
cold gas clouds. All these effects have been ef- 
fectively exploited. However, the study of mag- 
netism in the Milky Way and in galaxies is a 
field still largely limited to examination of spe- 
cific interesting regions, bright and nearby indi- 
vidual sources, and gross overall structure. Here 
we describe how exciting new insights into mag- 
netic fields can be provided by the unique sensi- 
tivity, resolution and polarimetric capabilities of 
the Square Kilometre Array (SKA). 

2. All-sky Rotation Measures 

2.1. Background 

While synchrotron emission and its polariza- 
tion are useful tracers of magnetic fields, they are 
only easily detected in regions where the density 
of cosmic rays (i.e., relativistic gas) is relatively 
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high, or where the magnetic field is strong. Many 
regions of interest for magnetic field studies are 
far from sites of active star formation and super- 
nova activity, and thus cannot be studied through 
these techniques. 

A much more pervasive probe of interstellar 
magnetic fields is Faraday rotation, in which bire- 
fringence in the magneto-ionic ISM causes the po- 
sition angle of a linearly polarized wave to rotate. 
For a wave with emitted position angle 0o ob- 
served at a wavelength A, the detected position 
angle is: 

(j)i=<j)o+RM X\ (1) 

In this expression, the rotation measure (RM), in 
units of rad m~^, is defined by : 

RM = K J Bcose Uedl, (2) 

where K « 0.81 rad m~^ pc""'^ cm^^ ^J■G~^, B, 9 
and Ug are the regular magnetic field strength, in- 
clination of the magnetic field to the line of sight 
and number density of thermal electrons, respec- 
tively, and the integral is along the line of sight 
from the observer to the source. 

Multiwavelength observations of polarized 
sources can directly yield the RM along the line 
of sight. An estimate of RM in itself does not 
directly yield a value for B, but the sign of the 
RM can provide information on the direction of 
the regular magnetic field. Furthermore, in cases 
where something is known about the electron den- 
sity along the line of sight (e.g., from Ha observa- 
tions, thermal radio emission. X-ray data, or pul- 
sar dispersion measures) , an estimate of the mean 
amplitude of the magnetic field strength along the 
line of sight can be directly inferred (a caveat is 
that correlations between and dumpiness in B 
and Tie both need to be properly accounted for in 
such estimates; [H])- 

Thus provided that one can find a linearly po- 
larized source as background, one can infer the 
strength and geometry of the magnetic field in 
foreground material, regardless of the foreground 
source's synchrotron emissivity. However, for 
studying magnetic fields within the Galaxy, a se- 
rious shortcoming of this technique is the lack of 



background objects — for both pulsars and extra- 
galactic radio sources, limited sky coverage and 
relatively poor sensitivity in polarization surveys 
severely limit the number of sightlines towards 
which one can measure the rotation measure in 
a foreground object, particularly if the source is 
of small angular extent (e.g., an Hii region or a 
supernova remnant). Until recently, there were 
only about 1200 RM measurements of compact 
sources over the entire sky (about 900 extragalac- 
tic sources, plus 300 pulsars), as shown in Fig- 
ure n In the Galactic plane, new surveys are 
expanding this sample at a rate of about one RM 
measurement per deg^ (e.g., 3 5..16) '1: over the rest 
of the sky, observations with the Effelsberg tele- 
scope of polarized NVSS sources will soon add an- 
other ~ 1000 RM measurements. Such data sets 
are proving useful in studying the global proper- 
ties of the Galactic magnetic field (e.g., '17 ), but 
do not have a dense enough sampling for detailed 
modeling or for studying discrete foreground ob- 
jects |43I69| . 

2.2. A Survey for Polarized Sources vifith 
the SKA 

An exciting experiment for the SKA will be 
to greatly increase the density of polarized back- 
ground sources on the sky, providing enough 
statistics to make possible the study of all man- 
ner of foreground magneto- ionic sources. We 
thus propose an all-sky RM survey, which can 
provide a closely-packed grid of RM measure- 
ments in any direction. In the following discus- 
sion, we assume that the SKA has a sensitivity 
Aeff/Tsys = 20 000 m^ K-i, of which 75% is dis- 
tributed on baselines shorter than ^ 35 km, that 
the field of view at 1.4 GHz is 1 deg^, and that the 
total bandwidth available at 1.4 GHz is 25% (i.e., 
350 MHz). If we aim to survey 10 000 deg^ of the 
sky in one year of integration time, the integra- 
tion time per pointing is 1 hour, and the ex- 
pected sensitivity in linear polarization (i.e., from 
the combination in quadrature of Stokes Q and 
U) is then cr ss 0.1 /iJy. While a year of observ- 
ing time is a large request, we note that such a 
survey has many other applications (e.g.. Stokes / 
imaging. Hi absorption, pulsar surveys), and that 
it is reasonable to assume that multiple projects 
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Figure 1. An Aitoff projection of the celestial sphere in Galactic coordinates, showing a recently compiled 
sample of 1203 RMs. Closed symbols represent positive RMs, while open symbols correspond to negative 
RMs. In the range 100 < |RM| < 600 rad m~^, the linear size of a symbol is proportional to |RM| for 
the corresponding source; for magnitudes of RM outside this range, the sizes of symbols are fixed at 
those corresponding to either |RM| = 100 rad m~^ or |RM| = 600 rad m~^. The 887 squares represent 
RMs toward extragalactic sources, while the 316 circles indicate RMs of radio pulsars. Figure courtesy 
of Jo- Anne Brown. 
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could piggyback on the same set of observations. 

An important requirement for the SKA wiU 
be spectropolarimetric capabihty, wherein full 
Stokes products will be available in multiple con- 
tiguous channels across a broad continuum band- 
width. Provided that at least 4 channels are 
available across the band, the individual channel 
widths determine the maximum value of |RM| 
which can be measured, while the total band- 
width determines the accuracy of the RM mea- 
surement. For an observing wavelength A, a to- 
tal bandwidth (in wavelength units) AA, and a 
source detected with signal to noise C in linear po- 
larization, the expected precision of an RM mea- 
surement is: 

ARM « 47T^- (3) 

An appropriate observing wavelength for detect- 
ing large numbers of RMs is A = 21 cm: this 
provides a large field of view, without introduc- 
ing severe internal depolarization effects which 
will prevent RMs from being measured in many 
extragalactic background sources. At 21 cm, 
our assumed fractional bandwidth of 25% corre- 
sponds to AA = 0.053. For a precision in RM of 
ARM « 5 rad m~^, we thus require a signal to 
noise in polarization C 10. (Such a precision in 
RM is more than sufficient for the purposes con- 
sidered here; higher precision measurements are 
possible, but require correction for the effects of 
the Earth's ionosphere.) 

Given the high density of polarized sources ex- 
pected on the sky (see below), we require an an- 
gular resolution < 1" to ensure that the polar- 
ized sky is not confusion limited. To carry out 
an efficient survey, we will need to image the 
full 1-deg^ field of view of the SKA at this res- 
olution. If this field corresponds to the primary 
beam of a single element, then individual chan- 
nel widths need to be smaller than ~ 100 kHz to 
avoid bandwidth smearing (i.e., > 3500 channels 
will be needed across the 25% observing band- 
width). This also is more than sufhcient to com- 
pletely mitigate bandwidth depolarization pro- 
vided |RM| < 10^ rad m~^, which is likely to 
be the case for almost all sightlines. Low val- 
ues of |RM| can be directly identified from im- 



ages of linear polarization using just a few (^10) 
channels across the observing bandwidth and fit- 
ting directly to the position angle swing across 
this band ; the polarized signal from high-RM 
sources will require Fourier analysis of the polari- 
metric signal to identify |18I48| . but ultimately 
can be recovered with the same signal-to-noise as 
for the low-RM case. 

We conclude our description of this experiment 
by noting its implications for polarization purity 
and for imaging dynamic range. As discussed in 
the following section, the peak in the distribution 
of fractional polarization for extragalactic sources 
is expected to be at logj^Q 11 w —1.5 (where 11 
is the fractional linear polarization), but with a 
significant fraction of the population extending 
down to logj^Q n < —2.5. Thus in order to be able 
to detect polarization in the bulk of sources, the 
final calibrated mosaiced images require a polar- 
ization purity of at least -25 dB over the entire 
field. We assume that the final images will incor- 
porate averaging of overlapping fields and wide 
parallactic angle coverage, which will assist in 
achieving this target. We note that a higher po- 
larization purity, closer to -40 dB, is required for 
single-pointing on-axis observations, for which ex- 
periments involving very weakly polarized sources 
may be important. 

The density of polarized sources shown in Fig- 
ure El implies that in any 1-deg^ field, we always 
expect to detect at least one source whose linearly 
polarized flux density is > 6 mJy. Thus to detect 
polarized sources as faint as 1 ^Jy (the 10-ct de- 
tection limit of a 1-hour integration) a modest 
dynamic range of at least 6000 is required. We 
note also that in this same field, we expect to 
detect at least one source whose total intensity 
is ^ 200 mJy. For a polarization purity no worse 
than -25 dB anywhere in the field, this will result 
in leakage into the polarized image at the level of 
0.6 mJy; this should not present any challenges 
to obtaining high dynamic range in the polarized 
images. 

2.3. Detection Statistics for the SKA RM 
Survey 

We first consider the likely detection statistics 
for pulsars. The polarimctry statistics of Gould 
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& Lyne PSl suggest that pulsars have a typical 
linearly polarized fraction of HpsR ~ 20%. Thus 
the faintest pulsar from which we can extract a 
useful RM measurement will have a total inten- 
sity flux density of aC/IlpsR ~ 5 /xJy. This is 
sufficient to detect virtually every radio pulsar in 
the Galaxy which is beaming towards us 0^1 1 i-S- 
about 20 000 pulsars. We assume that most of 
these pulsars lie at Galactic latitudes \b\ < 5°, so 
that the area of the sky under consideration is 
3600 deg2. Thus the expected source density of 
RMs from pulsars is about 6 deg^^, or an angu- 
lar spacing of about one source every 30' in the 
Galactic plane. 

For extragalactic background sources, we can 
estimate the likely distribution of polarized 
sources by convolving the differential source count 
distribution, dN/dS, by the probability distri- 
bution of fractional polarized intensity, P(IIeg)- 
dN/dS can be obtained directly from deep con- 
tinuum surveys and extrapolations thereof |44I45[ 
I65| . while P{IIeg) can be estimated from the 
1.4 GHz NVSS catalog Considering only 

NVSS sources with flux densities > 80 mJy so as 
to eliminate most sources whose polarized frac- 
tion is below the sensitivity of the survey, we find 
that P(nEG) can be fitted by two Gaussian com- 
ponents, centered at logj^g n ~ —1.5. In the fol- 
lowing discussion we assume that this distribu- 
tion of P(nEG) does not evolve as a function of 
flux density, although we note that several recent 
studies have suggested that weaker sources are 
more highly polarized |56l77l78j . If this effect is 
real, our source count estimates should be con- 
sidered a lower limit. 

Convolving dN/dS with PiJiEG) results in 
a predicted linearly polarized differential source 
count distribution as shown in Figure |2| Down 
to a flux limit of aC w 1 /iJy, we thus expect 
a density of polarized sources of ~ 2900 deg~^. 
Only about 50% of these sources will have mea- 
surable RMs, usually due to internal depolariza- 
tion which destroys the RM (x dependence pre- 
dicted from Equation (Q) JS| ■ We thus expect to 
find 2 X lO'' RMs over the survey (about one 
RM per second of observing time!), at a mean 
separation of ~ 90" between adjacent measure- 
ments. For particular regions of interest (e.g.. 



towards a specific supernova remnant or nearby 
galaxy), one could carry out a much deeper in- 
tegration to further improve the spacing of this 
"RM grid". For example, in a 10-hour targeted 
observation, the mean spacing of RM measure- 
ments would shrink to ~ 40". 

3. Scientific Applications of an RM Grid 

The densely-spaced RM grid which would re- 
sult from the experiment proposed above will 
have numerous applications: the magnetic prop- 
erties of any extended foreground object will be 
able to be mapped in detail. Before discussing 
specific projects, we make a few general com- 
ments about such analyses: 

• The RM signature of an extended fore- 
ground object can only ever be identified 
provided that its contribution to the total 
RM dominates the average intrinsic RM of 
the background sources. Since the intrinsic 
RM of extragalactic sources, averaged over 
many such objects, is |RM| < 5 rad m~^, we 
should be easily able to identify the extra 
RM signal produced by intervening super- 
nova remnants (SNRs) and H ii regions, or 
by diffuse magnetic fields in the Milky Way, 
in other galaxies or in galaxy clusters. 

• A RM only probes the line-of-sight compo- 
nent of an object's regular magnetic field. 
For studies of individual objects, full three- 
dimensional geometries can be inferred by 
combining such measurements with other 
probes: e.g., linear polarization position 
angles of synchrotron emission for SNRs, 
infrared polarimetry for H ii regions, or de- 
polarization effects (e.g., ^2). However, 
for studies of an ensemble of objects, or of 
turbulent processes, the RM measurements 
alone can suffice. We also note that thanks 
to our position within the Milky Way, the 
three-dimensional field geometry can be 
inferred by considering RM properties in 
different parts of the sky, since each RM 
probes the parallel field component in a 
different direction. This method is also 
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Figure 2. Distribution of extragalactic source counts (Euclidean normalized) in both total intensity (solid 
line) and in linear polarization (dashed line) at an observing frequency of 1.4 GHz. The upper panel 
shows the differential source count distribution. The total intensity source counts have been calculated 
using the polynomial solution of Hopkins et al. [IHl down to a flux density of 80 /xJy, a straight line 
of slope 0.44 between 10 and 80 /xJy, and a straight line of slope 0.78 below 10 /LtJy; the latter two 
components come from a fit to the distribution calculated by Seymour et al. |65| . The linearly polarized 
source counts are derived by convolving the total intensity distribution by the probability distribution 
of fractional polarized intensity as determined from the NVSS catalog (see W2.'S\ for details) . The middle 
panel shows the expected source density above a given flux threshold. Both curves have been obtained 
by integrating the functions shown in the upper panel; the polarized source density corresponds only 
to sources for which RMs can be reliably determined, i.e. about 50% of all linearly polarized sources. 
The lower panel shows the corresponding mean spacing between all background sources (solid line) and 
between RM measurements (dashed line), as a function of minimum detectable flux. The symbols "A", 
"V" , "E" and "S" show representative thresholds of linearly polarized flux density sufficient to accurately 
measure RMs, for a 20-min observation with the ATCA (total effective bandwidth Av w 100 MHz), a 
10-min observation with the VLA (Aj/ « 37 MHz), a 3-min observation with the EVLA {Au « 500 MHz), 
and a 1-hour observation with the SKA (Ai/ « 350 MHz), respectively. 
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applicable to nearby galaxies which are sig- 
nificantly inclined with respect to the line 
of sight |2i. 

• While pulsars have a much lower source 
density than extragalactic sources, all pul- 
sars will also have measurements of their 
dispersion measure (DM). Dividing the RM 
by the DM can allow a direct estimate of 
the mean magnetic field strength along the 
line of sight, subject to caveats on possi- 
ble correlations between the magnetic field 
strength and the electron density j^. For 
nearby pulsars, distances will be directly 
available from parallax measurements |19| : 
for more distant sources the distance can be 
estimated from the DM g3] . 

3.1. The Milky Way 

Our own Galaxy provides a wonderful oppor- 
tunity for a detailed study of the generation and 
amplification of galactic magnetic fields, and their 
coupling to the ISM. However, we currently lack a 
good understanding of the overall field geometry, 
including the number and location of reversals, 
the pitch angle of the presumed spiral pattern of 
the disk's magnetic field, and the structure of the 
magnetic field in the halo 6 . This results both 
from the sparse sampling of RMs, and from the 
lack of sensitivity to pulsars in the more distant 
parts of the Galaxy. 

The SKA RM survey proposed above will over- 
come all these limitations. Using wavelet trans- 
forms, the Galactic pulsar RM distribution can be 
directly inverted to delineate the full geometry of 
the Galactic magnetic field in the disk (Fig. ^ . 
Extragalactic RMs can trace components of the 
magnetic field such as the outer arms ^21 and the 
vertical structure of the field in the disk and halo 
and can also identify loops and other features 
which trace Galactic structure (e.g., [STjl. 

The RM grid will also be a powerful probe of 
turbulence. Turbulence is thought to be injected 
at specific size scales into the ISM by various pro- 
cesses, and then cascades down to increasingly 
smaller scales before ultimately being dissipated 
as heat. It has been argued that the amplitudes 



of turbulent fiuctuations in the ISM form a sin- 
gle power spectrum extending from the largest 
Galactic scales {sL 1 kpc) down to a tiny fraction 
of an AU "7. However, there are observational 
indications that the slope of the power spectrum 
may deviate from that predicted by the standard 
three-dimensional Kolmogorov model for the cas- 
cade (e.g., 5 8-74, '). Futhcrmore, it is likely that 
the turbulent properties of the ISM strongly de- 
pend on location within the Galaxy, as might be 
expected if SNRs or Hii regions are responsible 
for providing much of the energy which goes into 
turbulent motions (e.g., |42jV Finally, our un- 
derstanding of how fluctuations in magnetic field 
strength couple to those in electron density is still 
limited (e.g., IHEIl)- 

An ensemble of polarized extragalactic back- 
ground sources can be used to compute struc- 
ture functions, wavelet transforms and autocorre- 
lation functions of RM (e.g., IS2 58 32 28 ), all of 
which provide different information on the com- 
bined spatial power spectrum of density and mag- 
netic field fiuctuations in ionised gas. However, 
the sparse sampling of current data sets prevents 
a detailed analysis on scales much smaller than 
a degree. With the SKA, the dense grid of RM 
measurements can allow computation of virtually 
continuous power spectra of RM, on scales rang- 
ing from <C 1' up to tens of degrees. This will 
allow a full characterization of magneto-ionic tur- 
bulence in this range of angular scales.^ We will 
also be able to generate such power spectra as a 
function of Galactic longitude and latitude, so as 
to establish how the turbulent properties of the 
ionised ISM vary, e.g., between arm and inter- 
arm regions, between star- forming and quiescent 
regions, or between the thin disk, the thick disk 
and the halo. 

An additional resource will be the diffuse po- 
larization seen all over the sky, such as is shown 
in Figure 21 In such fields the RM can be mea- 
sured at every pixel, allowing one to compute 
power spectra at even higher spatial resolutions 
than made possible by the RM grid of background 
sources |28l42j . Such analyses are highly com- 



^SKA experiments relating to ISM turbulence on much 
smaller scales are discussed in Lazio et al., this volume. 
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Figure 3. Demonstration of how the structure of the Galactic magnetic field can be inferred from pulsar 
RMs using wavelet transforms Left panel: A simple model for the Galactic magnetic field. The 

axes are in units of kpc, and the position of the Sun is marked by the white circle. Darker regions 
represent regions of higher magnetic field. Center panel: the inferred magnetic field structure using the 
~ 300 pulsar RMs listed in the catalog of Taylor et al. [7S]. Right panel: the inferred magnetic field 
structure determined from a hypothetical distribution of 1600 randomly distributed pulsars. With 20000 
pulsar RMs, the SKA will be able to fully delineate the global magnetic field structure of the Galaxy. 
Reproduced with permission from ESQ. 



plementary to those toward the RM grid, be- 
cause they probe a smaller sightline through the 
Galaxy, and thus give information on structure 
in specific local regions (see further discussion in 

At high latitudes, where optical extinction is 
minimal, the RMs of background sources can be 
directly compared to the Ha emission from dif- 
fuse ionised gas and to the DMs of pulsars in 
globular clusters, to separately solve for the mean 
electron density, gas clumping factor, magnetic 
field strength and direction, and the fluctuations 
in each of these quantities. 

3.2. Galactic Supernova Remnants 

Magnetic fields in SNRs are a key diagnostic 
of the physical processes which govern heating, 
turbulence and particle acceleration generated by 
strong shocks. Magnetic field strengths in SNR 
shocks are typically thought to be at the level of 
< ImG [33] . but it is unclear how these high mag- 
netic fields are produced, especially in young adi- 
abatic SNRs where the compression ratio is small. 



Turbulent amplification in Ray Icigh- Taylor un- 
stable regions between the forward and reverse 
shocks of the SNR can generate strong magnetic 
fields j4(il47j . This may in turn result in signif- 
icant second-order Fermi acceleration of cosmic 
rays, and could have an important bearing on the 
overall evolution of SNRs |60l34j . 

With current data we are unable to address 
these issues. While the position angle of polarized 
emission provides the orientation of the magnetic 
field |57l33j . we normally do not have a good es- 
timate of the field strength in these regions, be- 
cause there is little reason to assume that mag- 
netic fields and cosmic rays are in equipartition. 
Only in a few sources can we directly infer the 
magnetic field strength via Zeeman splitting of 
shock-excited OH masers ^3] , but these are likely 
to be special cases where the shock is radiative 
and is interacting with a molecular cloud |20j . 
Once again, the RM grid provides the potential to 
directly measure magnetic fields on small scales 
in these sources. Specifically, one can combine 
RM measurements with observations of thermal 
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Figure 4. Linearly polarized emission and electric field vectors at 1.4 GHz from a region in Cassiopeia, 
possibly corresponding to a large "magnetic bubble" j^l] • Coordinates are Galactic longitude and latitude. 
The image is a combination of high-resolution observations taken with the EfFelsberg 100-m telescope 
and large-scale emission provided by data from the Dwingeloo telescope. 
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X-rays from SNR shocks, to separate out density 
and magnetic field contributions to the RM (SHI- 
With the SKA, this technique can be appHed to 
many SNRs, embedded in many different envi- 
ronments, and at a wide range of evolutionary 
stages. 

A related experiment corresponds to the ef- 
fect that SNRs should have on their surround- 
ings, ft is widely believed that SNRs acceler- 
ate cosmic rays through diffusive shock acceler- 
ation. An important part of this process is that 
particles streaming away from the shock gener- 
ate enhanced magnetohydrodynamic turbulence 
just upstream, which in turn provides the scat- 
tering centers which reflect particles back across 
the shock (e.g., Q]). Because of this process, it 
is reasonable to suppose that SNR shocks inject 
significant amounts of turbulent energy into their 
surroundings, which ultimately become part of 
the overall turbulent cascade. These physical pro- 
cesses can be directly tested by observations of 
RMs of background sources, in that we expect 
to see enhanced amplitudes and dispersions of 
RMs immediately beyond the bright radio rims of 
young SNRs. A preliminary effort in this regard 
tentatively suggests that indeed there is a larger 
scatter in the RMs of sources behind SNRs than 
in other regions jSE, , but from the crude statistics 
of that study it is difficult to disentangle the effect 
of a SNR itself from the complicated environment 
in which it is often embedded. The much denser 
sampling which the SKA will generate, accumu- 
lated over many SNRs in the Galactic plane, can 
provide a definitive study of this effect. 

Finally, it is thought that in many cases (most 
notably around the Crab Nebula) , the SNR shock 
is invisible, perhaps because it has not yet in- 
teracted significantly with the ISM (e.g., HO!)- 
Such shocks might be detectable by their effect 
on the RMs of background sources; such a detec- 
tion would greatly add to our understanding of 
the evolution of young SNRs expanding into low 
density regions or into stellar wind bubbles. 

3.3. Galactic Hii Regions 

Hii regions provide a link between the molec- 
ular clouds from which stars form, the powerful 
winds which massive stars generate, and the am- 



bient ISM into which all this material ultimately 
diffuses. Because H ii regions span a very wide 
range of densities, studies of magnetic fields in 
H II regions provide an insight into how magnetic 
fields control the flow of gas, and conversely how 
compression of gas can amplify magnetic fields 
|7()j . Zeeman splitting of masers can probe mag- 
netic fields in ultracompact Hii regions, but it is 
difficult to measure magnetic fields in more dif- 
fuse sources. Heiles & Chu demonstrated 
that RMs of background sources can yield such 
measurements, but until now this technique has 
had limited application because of the sparseness 
of such background sources. With the SKA, the 
RM produced by Hii regions can be probed in 
detail using such background sources; since elec- 
tron densities are readily determined from Ha or 
radio continuum observations, the magnetic field 
strength can be easily extracted from the RM 
. With these data we can characterize how gas 
and magnetic fields are compressed by ionization 
fronts, how the ionization fraction within photo- 
dissociation regions varies with distance from the 
central star, and what role magnetism plays in 
the highly turbulent interiors of Hii regions. 

Finally, we note that since RM signals from low 
density ionized regions are much more easily iden- 
tified than emission measures or other tracers, 
many groups are now identifying unusual regions 
of ionised gas which are only seen by their effect 
on the diffuse polarized emission of the Galactic 
background (Fig.|3| 37 41 ). With the wide field 
of view of the SKA, we expect to be able to iden- 
tify many more such sources. The continuous fre- 
quency coverage of these observations will allow 
detailed tomographic studies (see 21, which can 
allow us to better establish these sources' basic 
properties. 

3.4. Nearby Galaxies 

Magnetic fields can be detected via synchrotron 
emission only if there are cosmic-ray electrons to 
illuminate them. Cosmic rays are probably accel- 
erated in objects related to star formation. How- 
ever, the radial scale length of synchrotron emis- 
sion in nearby galaxies is much larger than that of 
the star formation indicators like infrared or CO 
line emission jT). Magnetic fields must extend to 
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very large radii, much beyond the star-forming 
disk. In the outermost parts of galaxies the mag- 
netic field energy density may even reach the level 
of global rotational gas motion and affect the ro- 
tation curve 

Field strengths in the outer parts of galaxies 
can only be measured by Faraday rotation mea- 
sures of polarized background sources. Han et al. 
[35] found evidence for regular fields in M 31 at 
25 kpc radius of similar strength and structure as 
in the inner disk. However, even within the huge 
field of M 31 observed with the VLA (B array) at 
1.4 and 1.7 GHz, only 21 sources with sufhcicnt 
polarization flux densities were available (Fig. . 
With only a few detectable polarized sources per 
square degree at current sensitivities (see Fig.l^J, 
no galaxies beyond M 31 can be mapped in this 
way. 

The SKA will dramatically improve the situ- 
ation. Within the fields of M 31, the LMC or 
the SMC (a few square degrees each), a deep 
observation could provide > 10^ polarized back- 
ground sources, and thus allow fantastically de- 
tailed maps of the magnetic structure. The field 
of a spiral galaxy at 10 Mpc distance will still in- 
clude about 50 sources; several hundred galaxies 
could be studied in this way. 

The sensitivity of the rotation measure maps 
obtained by smoothing of the RM grid will be 
better than 1 rad m^^, allowing us to detect fields 
weaker than ^ 1 iiG in a halo of 10"'^ cm~'^ 
electron density, or ionised gas of less than 2 x 
10~^ cm~'^ electron density in a 5 fiG regular 
field (assuming a pathlength of 1 kpc for both 
cases). The SKA will be by far the most sensi- 
tive detector of magnetic fields and ionised gas in 
the outskirts of galaxies and in the intergalactic 
medium. 

4. Faraday Tomography 

Major progress in detecting small structures 
has recently been achieved with decimetre-wave 
polarization observations in the Milky Way |26[ 
l2Vl3,^l4()l41lei2lV9lS()l8l) . A wealth of structures 
on parsec scales has been discovered: filaments, 
canals, lenses, and rings (e.g., Fig.0J. Their com- 
mon property is that they appear only in maps 



of polarized intensity, but not in total intensity. 
Some of these features directly trace small-scale 
structures in the magnetic fields or ionised gas. 
Other features are artifacts due to Faraday ro- 
tation {Faraday ghosts) and may give us new in- 
formation about the properties of the turbulent 
interstellar medium j64| . To distinguish and in- 
terpret these phenomena, a multifrequency ap- 
proach has to be developed. 

At the low frequencies of these polarization sur- 
veys, strong Faraday depolarization occurs both 
in regions of regular field (differential Faraday ro- 
tation) and in those of random fields (Faraday 
dispersion) The effect of Faraday depolar- 

ization is that the ISM is not transparent to po- 
larized radio waves; the opacity varies strongly 
with frequency and position on sky. For Fara- 
day dispersion the observable depth can be de- 
scribed by an exponentially decreasing function. 
At low frequencies only emission from nearby re- 
gions can be detected. In the local ISM, the typ- 
ical observation depth is 5 kpc around 5 GHz, 
1-5 kpc around 1 GHz, and ^ 500 pc around 
0.3 GHz. Different frequencies trace different lay- 
ers of polarized emission; we call this new method 
Faraday tomography. Individual field structures 
along the line of sight can be isolated, either 
by their polarized synchrotron emission, by Fara- 
day rotation or by Faraday depolarization of the 
diffuse emission from the Galactic background. 
The distances to these polarized structures can 
be determined by measuring the H i absorption 
to these features in Stokes Q and U |2S1- With 
a large number of channels, "RM synthesis" be- 
comes possible |18I48| . where the channel width 
determines the observable RM range and the total 
frequency range determines the half-power width 
of the "RM visibility function" . This method also 
allows us to distinguish emitting regions at differ- 
ent distances along the same line of sight through 
their different RMs. This tomography database 
can be used to study the properties of magneto- 
ionic turbulence in the ISM by calculating the 
structure function or wavelet transforms of the 
three-dimensional structure in polarized intensity 
and RM (a few two-dimensional studies of limited 
areas have already been carried out |74l42j '). 

Present-day radio polarization observations re- 
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Figure 5. Polarized radio sources behind M 31, superimposed onto the 1.4 GHz continuum map derived 
from the VLA and EfTelsberg data The numbers are RM values (between 1.4 and 1.7 GHz) with 
standard deviations in brackets, followed by the 37W catalog names. 



veal only unsharp images of magnetic fields in 
the ISM. The high resolution of the SKA wiU 
show field structures illuminating the dynamical 
interplay of cosmic forces Jjl^,: loops, twisted fi- 
bres, and field reversals, as observed on the Sun 
(Fig. inj. The widths of such structures can be 
in the range 0.1-1 pc, but are probably larger 
in irregular and dwarf galaxies. With a regu- 
lar field strength of 30 /iG (in equipartition with 
cosmic rays) and 1 pc extent along the line of 
sight, a (distance-independent) polarization sur- 
face brightness at 5 GHz of 0.2 /iJy per 1" beam 
is expected. The SKA will be able to detect such 
features in the Magellanic Clouds (1" = 0.24 pc) 
and in M 31 / M 33 (1" = 3.5 pc) within a few 
hours. In the Milky Way they are hard to de- 
tect among many other emitters along the line of 
sight, but Faraday tomography can isolate them. 

Bright synchrotron filaments have been de- 
tected near the Galactic Centre with milligauss 
field strengths In the "Arc" and the 

"Snake" , particle acceleration probably occurs in 




Figure 6. X-ray image of the Sun, observed by 
the Ti?^ satellite on 1999 Nov 6 (reproduced 
from http : //vestige . Imsal . com/TRACE/PDD/J 
TRACEpodarchive .html). 
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reconnection regions jlll53j . Magnetic reconnec- 
tion may be a common process in the ISM and 
an important heating source also in galaxy ha- 
los |12| . but only the most prominent regions 
in the Milky Way are visible with present-day 
telescopes. Acceleration of cosmic rays should 
produce strong synchrotron emission in a small 
volume. Even a relatively weak regular field of 
strength 50 fiG with 1 pc extent, in equipartition 
with cosmic rays, generates emission with a polar- 
ization surface brightness at 5 GHz of 1.5 /iJy per 
1" beam which clearly emerges above the back- 
ground. Field reversals across reconnection re- 
gions should also be detectable via rotation mea- 
sures. 

The angular resolution of the SKA will allow us 
to trace directly how interstellar magnetic fields 
are connected to gas clouds. The close correlation 
between radio continuum and mid-infrared inten- 
sities within galaxies ,.31, indicates that a signif- 
icant fraction of the magnetic flux is connected 
to gas clouds. Photo-ionisation may provide suf- 
ficient density of thermal electrons in the outer 
regions of gas clouds to hold the field lines. Ob- 
servational support comes from the detection of 
Faraday screens in front of a molecular cloud in 
the Taurus complex in our Galaxy (55] • As no 
enhanced Ha emission has been detected in this 
direction, the local field enhancement must be 
significant. Faraday tomography with the SKA 
will allow to detect such Faraday screens toward 
molecular clouds throughout the Milky Way and 
in nearby galaxies. A 1" SKA beam resolves 
3.5 pc in M 31 where clouds at various evolu- 
tionary stages are available. SKA will allow to 
trace these and contribute to solving the puzzle 
of star formation. 

It is essential that the frequencies of Faraday 
tomography observations are distributed contin- 
uously over a broad bandwidth. The frequency 
range has to be chosen according to the strengths 
of the regular and random fields, the electron 
density and the pathlength through the Faraday- 
rotating region. The RM grid (see ^ helps 
choose the best frequencies. To cover a wide 
range of physical parameters, the SKA has to 
operate in the frequency range of at least 0.5- 
10 GHz, but 0.3-20 GHz is desirable. Sensitive 



imaging of extended structures requires that most 
of the collecting area lies on baselines shorter than 
100 km. 

5. Dynamo versus Primordial Field Origin 

The observation of large-scale patterns in RM 
in many galaxies 5 proves that the regular field 
in galaxies has a coherent direction and hence is 
not generated by compression or stretching of ir- 
regular fields in gas fiows. In principle, the dy- 
namo mechanism is able to generate and preserve 
coherent magnetic fields, and they are of appro- 
priate spiral shape (Sj with radially decreasing 
pitch angles 0]. However, the physics of dynamo 
action is far from being understood and faces 
several theoretical problems |14I51| . Primordial 
fields, on the other hand, are hard to preserve over 
a galaxy's lifetime due to diffusion and reconnec- 
tion because differential rotation winds them up. 
Even if they survive, they can create only spe- 
cific field patterns that differ from those observed 
(fifi'^Oj. 

The widely studied mean-field a-D, dynamo 
model needs differential rotation and the a effect 
(see below). Any coherent magnetic field can be 
represented as a superposition of modes of dif- 
ferent azimuthal and vertical symmetries. The 
existing dynamo models predict that several az- 
imuthal modes can be excited [H|, the strongest 
being m = (an axisymmetric spiral field), fol- 
lowed by the weaker m = 1 (a bisymmetric spiral 
field), etc. These generate a Fourier spectrum 
of azimuthal RM patterns. The axisymmetric 
mode with even vertical symmetry (quadrupole) 
is excited most easily. Primordial field models 
predict bisymmetric fields or axisymmetric fields 
with odd (dipole) symmetry UOj. For most of 
about 20 nearby galaxies observed so far, the RM 
data indicate a mixture of magnetic modes which 
cannot be reliably determined due to low angu- 
lar resolution and/or low signal-to- noise ratios [S]. 
M 31 is an exception with a strongly dominating 
axisymmetric field (Fig. [Tl . 

The SKA will be able to confidently determine 
the Fourier spectrum of dynamo modes. To de- 
tect an azimuthal mode of order m, the spatial 
resolution has to be better than « r/[10x (m+l)] 
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Figure 7. Faraday rotation measures in M 31 between 2.7 and 4.8 GHz, superimposed onto the 4.8 GHz 
Effelsberg map ^O!- The rotation measure of the Galactic foreground is about -90 rad m^'^. 



where r is the galaxy's radius. With to = 4 
and r = 10 kpc a spatial resolution of 0.2 kpc 
is needed which is presently available (with suf- 
ficient sensitivity) only for galaxies in the Local 
Group. 

Typical polarization intensities of nearby 
galaxies at 5 GHz are ~0.1 mJy per 15" beam. 
Within a 1" beam, 0.4 /xJy is expected, which 
the SKA can detect in ~ 1 hour of integration. 
Hence, the SKA can resolve all modes up to 
TO = 4 in galaxies out to a distance of 40 Mpc. 
The RM grid discussed in fj^lcan identify the best 
candidates. 

The SKA has the potential to increase the 
galaxy sample with well-known field patterns by 
up to three orders of magnitude. The condi- 
tions for the excitation of dynamo modes can be 
clarified. For example, strong density waves are 
claimed to support the to = 2 mode while com- 
panions and interactions may enhance the bisym- 
metric to = 1 mode. A dominance of bisymmetric 
fields over axisymmetric ones would be in conflict 
with existing dynamo models and would perhaps 
support the primordial field origin |70| . 

Dynamo models predict the preferred genera- 



tion of quadrupolar patterns in the disk where 
the field has the same sign above and below the 
plane, while the field may be dipolar in the halo 
(IS]). Primordial models predict dipolar patterns 
in the disk and in the halo with a reversal in 
the plane [7D], which can be distinguished using 
RMs in edge-on galaxies. However, the polarized 
emission from radio halos is weak so that no sin- 
gle determination of the vertical field symmetry 
has been possible yet. This experiment also must 
await the SKA. 

The all-sky RM grid will allow us to trace 
coherent fields to large galactic radii, well be- 
yond the regions in which star formation takes 
place, and to derive restrictions for the a ef- 
fect. This is an essential ingredient of dynamo 
action and describes the mean helicity of turbu- 
lent gas motions. If the a effect is driven by super- 
nova remnants or by Parker loops, dynamo modes 
should be excited preferably in the star-forming 
regions of a galaxy. But if the magneto-rotational 
(Balbus-Hawley) instability is the source of tur- 
bulence and of the a effect [SSI, magnetic field 
amplification with some fraction of regular fields 
will be seen out to large galactic radii. 
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Figure 8. Direction of magnetic fields in in- 
clined galaxies with trailing spiral arms, deter- 
mined from the signs of Faraday rotation mea- 
sure RM and rotational velocity Vr along the line 
of sight PO]. 



The few galaxies known to host a dominating 
axisymmetric m — mode possess a radial field 
component which is directed inwards everywhere 
|50| . As the field direction in dynamo models is 
arbitrary, it preserves the memory of the seed field 
which may be a regular primordial field with a 
preferred direction. The sign of the field com- 
ponent along radius follows from observations of 
Faraday rotation (RM) and of rotational velocity 
along the line of sight (u,.) on both sides of the 
galaxy's major axis (Fig.lHJ: opposite signs of RM 
and Vr indicate an inward-directed field, while the 
same signs an outward-directed field. SKA's sen- 
sitivity will allow to observe a large galaxy sample 
(a 1" beam will let us study such sources out to 
100 Mpc) and will clearly show any preferred field 
direction. 

The lack of a coherent magnetic field in a re- 
solved galaxy would indicate that the timescale 
for dynamo action is longer than the galaxy's age, 
or that the mean-field dynamo does not work at 
all. The role of the dynamo may still be impor- 
tant for the transformation of turbulent kinetic 
energy into magnetic energy (the fluctuation dy- 



namo 11817^1 ) . Unlike the mean- field dynamo dis- 
cussed above, the fluctuation dynamo amplifies 
and maintains only turbulent, incoherent mag- 
netic fields and does not rely on overall differential 
rotation and the a effect. This process seems to 
work in all types of galaxies as long as their star 
formation activity is sufhciently high. For exam- 
ple, dwarf irregular galaxies with almost chaotic 
rotation host turbulent fields with strengths com- 
parable to spiral galaxies, but have no large-scale 
coherent fields |22j. 

6. Summary 

A 1.4-GHz all-sky survey of Faraday rota- 
tion will accumulate tens of millions of rotation 
measure measurements toward background radio 
sources. This will allow us to characterize the 
overall magnetic geometry and turbulent prop- 
erties of the disk and halo of the Milky Way, 
and of embedded individual objects such as Hii 
regions and supernova remnants. In a highly 
complementary fashion, mapping of diffuse po- 
larized emission from the Milky Way in many 
narrow bands over a wide frequency range will 
allow us to carry out Faraday tomography of the 
local Galaxy. The observing frequency for this 
tomography needs to be tuned to the ISM proper- 
ties under study, e.g., ~ 0.5 GHz for low-density 
regions and ~ 5 GHz for high-density regions. 
The combination of these observations will yield 
a high-resolution three-dimensional picture of the 
magnetic field within a few kpc of the Sun. Direct 
synchrotron imaging of a large number of nearby 
galaxies (at frequencies > 5 GHz where Faraday 
depolarization is minimal) will uncover the de- 
tailed magnetic field structure in these sources. 
Together with Faraday rotation data from dif- 
fuse emission and from the all-sky survey of back- 
ground sources, we will be able to test both the 
dynamo and primordial field theories for field ori- 
gin and amplification and hence can establish an 
understanding of the structure and evolution of 
magnetic fields in galaxies. 
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